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Description 

BACKGROUND OF THE INVENTION 

1. Held of the Invention 

The present Invention relates to a process for 
producing an amorphous alloy forming material for 
the purpose of improving an amorphous alloy with 
respect to its inherent embrittlement caused by the 
high temperature working of the alloy where it is 
subjected to thermal hysteresis for a long time. 

2. Description of the Prior Art 

Some of the present inventors invented Al- 
transition metal element (hereinafter abbreviated as 
M TM")-rare earth metal element (hereinafter abbre- 
viated as "Ln") alloys and Mg-TM-Ln alloys as 
lightweight high-strength amorphous alloys and ap- 
plied for patents as Japanese Patent Laid-Open 
No. 275732/1989 and Japanese Patent application 
No. 220427/1988, respectively. Also, they invented 
AI-TM-Ln alloys and Zr-TM-AI alloys as alloys with 
high strength and excellent workability and applied 
for patents as Japanese Patent Application Laid- 
Open Nos. 36243/1991 and 158446/1991, respec- 
tively. Having high strength and high corrosion 
resistance, these alloys exhibit glass transition be- 
havior and possess a supercooled liquid region, 
and therefore show favorable workability in the 
above region or at temperatures in the neighbor- 
hood of the region. Thus, these alloys obtained in 
the form of powder or thin strips can be easily 
subjected to consolidation-forming and cast into 
amorphous bulk material, which is also an excellent 
alloy showing good workability in the supercooled 
liquid region or at temperatures in the neighbor- 
hood thereof. 

When maintained in the supercooled liquid re- 
gion for a long time, however, the above-mentioned 
amorphous alloys begin to decompose into cry- 
stals, thus restricting the working time for consoli- 
dation-forming, working-forming, etc. As a means 
for avoiding the above problem, a method of con- 
solidation-forming or working-forming at a tempera- 
ture below the glass transition temperature is avail- 
able. As is the case with general amorphous alloys, 
the alloys in question are characterized in that 
when heated to a high temperature region slightly 
below the glass transition temperature, they sud- 
denly lose the ductility peculiar thereto and embrit- 
tle. Since the amorphous alloys that are subjected 
to consolidation-forming or reworking-forming at 
high-temperatures cannot sufficiently exhibit their 
inherent properties, an improvement in their prop- 
erties has been desired. 



It is known that an amorphous ailoy generaliy 
embrittles when heated to high temperatures just 
below the glass transition temperature, even if low- 
er than the crystallization temperature. The phe- 

5 nomenon is attributable to the structural change 
toward the more stable atomic configuration in 
spite of its being amorphous, and in general relates 
to the structural relaxation. The structural relaxation 
is in a state of reversible and irreversible reactions 

w mixed with each other. Though the reversible reac- 
tion is canceled by rapidly heating to a high tem- 
perature as disclosed in EP-A-0318875. the struc- 
tural relaxation takes place in an extremely short 
time, followed by another structural relaxation at 

75 another temperature, which is not preventable by 
simple reheating, and therefore is difficult to avoid. 

SUMMARY OF THE INVENTION 

20 An object of the present invention is to provide 
a process for the production by consolidation-for- 
ming or working-forming of an amorphous alloy 
material such as amorphous alloys obtainable in 
various shapes of powder or thin bodies or amor- 

25 phous bulk material obtainable through casting by 
solving the problem of embrittlement due to the 
aforestated structural relaxation without the loss of 
the characteristics including ductility inherent to the 
amorphous alloy itself. 

30 In view of the above, the present invention 
solves the problem of embrittlement of an alloy due 
to the structural relaxation caused by the thermal 
hysteresis such as the heat treatment or high- 
temperature working in the first-stage by the sec- 

35 ond-stage treatment of reheating the alloy to the 
temperature range in the supercooled liquid region 
thereof. 

Specifically, the present invention provides a 
process for producing an amorphous alloy forming 

40 material comprising subjecting an amorphous alloy 
material having a supercooled liquid region to a 
first-stage treatment in which the material is main- 
tained at a temperature ranging from the glass 
transition temperature (K) minus 100 (K) to a tem- 

45 perature lower than the glass transition temperature 
for 3000 sec. or less, subsequently subjecting it to 
a second stage treatment in which the material is 
maintained at a temperature higher than the glass 
transition temperature to the crystallization tem- 

50 perature for 4 to 100 sec. and then quenching it to 
produce a forming material having at least 50% by 
volume of an amorphous phase. 

Preferred embodiments of the invention are 
disclosed in the dependent claims 2-6. 

55 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing the results of testing 
for the ductility of the test pieces of an example 
according to the present invention. 

FIG. 2 is a graph showing the thermal analysis 
curves of ribbons. 

FIG. 3 is a graph showing the results of testing 
for the ductility of a ribbon after the second-stage 
treatment. 

FIG. 4 is a microphotograph showing the me- 
tallic structure of a ribbon without any heat treat- 
ment. 

FIG. 5 is a microphotograph showing the me- 
tallic structure of a ribbon with the first-stage treat- 
ment. 

FIG. 6 is a microphotograph showing the me- 
tallic structure of a ribbon with the second-stage 
treatment. 

FIG. 7 is a graph showing the thermal analysis 
curves of ribbons with the second-stage treatment. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is particularly effective 
for an amorphous alloy having a supercooled liquid 
region which is obtained by the conventional well- 
known quenching solidifying method such as melt 
spinning method, submerged spinning method or 
gas atomizing method and exemplified by AI-TM- 
Ln alloys disclosed in Japanese Patent Laid-Open 
No. 275732/1989, Mg-TM-Ln alloys disclosed in 
Japanese Patent Laid-Open No. 220427/1988. Al- 
TM-Ln alloys disclosed in Japanese Patent Laid- 
Open No. 171298/1989 and Zr-TM-AI alloys dis- 
closed in Japanese Patent Laid-Open No. 
297494/1989, and also is applicable to other amor- 
phous alloys showing a supercooled liquid region. 

The amorphous alloy obtained by the above 
method is decomposed into crystals by heating. By 
the term "glass transition temperature" (Tg) as 
used herein is meant the initiation point of an 
endothermic peak appearing prior to crystallization 
in a differential scanning calorimetry curve obtain- 
able by heating at a temperature rise rate of 40 • C 
per minute. By the term "crystallization tempera- 
ture" (Tx) is meant the initiation point of the first 
exothermic peak in a differential scanning calorime- 
try curve. By the term "supercooled liquid region" 
is meant the region ranging from the glass transi- 
tion temperature to the crystallization temperature. 
These amorphous alloys have each different glass 
transition temperatures and crystallization tempera- 
tures depending on the alloy species or the com- 
position thereof. 

It is well known that, in general, an amorphous 
alloy remains amorphous when heated to a tem- 



perature below the Tg thereof but shows a struc- 
tural change toward a more stable atomic configu- 
ration causing the so-called structural relaxation, 
which is interpreted as the phenomenon wherein a 

5 part of the free volume introduced during the for- 
mation of the amorphous structure is released by 
heating accompanied with a slight increase in den- 
sity. Reportedly, the above structural relaxation is 
reversible and can be canceled by heating to a 

w higher temperature. However, the cancellation is 
restricted to the conditions such that the heating is 
effective for the structural relaxation at relatively 
low temperatures only and requires a precise con- 
trol of the heat treatment conditions with a short 

75 holding time. The structural relaxation is accom- 
panied by the loss of ductility peculiar to amor- 
phous alloys and embrittlement. Once the amor- 
phous alloy is embrittled by heating, it is no longer 
capable of exhibiting the inherent characteristics 

20 thereof. 

On the other hand, since the constituent ele- 
ments of the alloy have each a very high diffusion 
rate assuming a liquid phase in the supercooled 
liquid region, the alloy shows a large deformation 

25 under a low stress and is utilized for consolidation- 
forming and plastic working of alloy powder, etc. 
However, this cannot be the optimum process for 
commercial production because severe restriction 
of time and strict control of temperature, etc., are 

30 required for the prevention of crystallization in the 
supercooled liquid region. 

There is proposed, therefore, the production at 
a temperature below the glass transition tempera- 
ture which can alleviate the restriction to the pro- 

35 duction condition for the prevention of the cry- 
stallization, but causes unsuitable embrittlement 
owing to the aforestated structural relaxation. 

The present invention can be accomplished by 
utilizing the combination of the behavior of the alloy 

40 at a temperature below the Tg with the properties 
thereof in the supercooled liquid region. More spe- 
cifically, in the first-stage treatment, an amorphous 
alloy with a supercooled liquid region is held or 
subjected to consolidation-forming or other working 

45 at a temperature below the glass transition tem- 
perature thereof, resulting in embrittlement due to 
structural relaxation. In the second-stage treatment, 
the alloy is heated to a temperature in the super- 
cooled liquid region and held for prescribed period 

so of time, and the structural relaxation caused in the 
first-stage treatment is eliminated by the super- 
cooled liquid state thus formed. Subsequently, the 
alloy is quenched from the temperature in the 
supercooled liquid region to an ordinary tempera- 

55 ture by a suitable way such as water cooling and 
the supercooled liquid structure is retained as such 
as low as ordinary temperatures with the restored 
ductility. 
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The foregoing first- and second-stage treat- 
ments may be continuous or discontinuous, but the 
final quenching must be carried out rapidly imme- 
diately after the second-stage treatment. The first- 
stage treatment is carried out in the temperature 
range from (Tg-100K) to less than Tg for 3000 sec 
or less. The first-stage treatment can be put into 
practice by the use of an electric furnace, other 
furnaces, oil bath or salt bath, and in the case 
where some working accompanies, it can be effec- 
ted by the use of a processing apparatus such as a 
hot press, forging apparatus or extruding appara- 
tus. 

It will suffice when the second-stage treatment 
is conducted within the supercooled liquid region, 
but the treatment at an unnecessarily high tem- 
perature or for an unnecessary long time involves 
the possibility of crystallization. The temperature 
range in the supercooled liquid region varies de- 
pending on alloy species. In general, the second 
stage treatment is carried out desirably in the tem- 
perature range from a temperature higher than the 
Tg to the crystallization temperature for 4 to 100 
sec. Although the rate of raising the temperature to 
that in the second stage is not specifically limited, 
it is preferably higher in the case of a relatively 
narrow supercooled liquid region (5 to 10K) as is 
the case with Al-Ni-Ln alloys. This is because the 
effect of rapid heating in raising the crystallization 
temperature and enlarging the supercooled liquid 
region can be utilized thereby. The second-stage 
treatment can be put into practice by the use of the 
apparatuses used in the first-stage treatment, but a 
method in which electric current is directly passed 
through the workpiece is particularly effective for 
rapid heating. 

In order to obtain a sound amorphous material, 
it is effective to utilize in working the easy plastic 
fluidity in the supercooled liquid region, for exam- 
ple, in the second-stage treatment further pres- 
surization or working-forming is applied in com- 
bination or simultaneously with the disappearance 
stage of the structural relaxation. 

The quenching after the second-stage treat- 
ment can be carried out by conventional water 
cooling or any other method with the equivalent 
cooling rate. 

The process of the present invention is ap- 
plicable to any amorphous alloy having a super- 
cooled liquid region other than those hereinbefore 
described. 

Example 

By the use of an alloy LassAfcsr^o wherein 
each subscript denotes the atomic percentage of 
each element, a ribbon of 0.05 mm in thickness 
and 1.5 mm in breadth was prepared by liquid 



quenching (melt spinning) to be used as a test 
piece. The test piece was analyzed by means of an 
X-ray diffraction analyzer, and the result revealed a 
broad diffraction pattern peculiar to an amorphous 

5 phase, proving the amorphism of the test piece. As 
the result of analysis by differential scanning 
calorimetry at a temperature rise rate of 40 • C per 
minute, the test piece has a glass transition tem- 
perature of 476 K and a crystallization temperature 

w of 545 K. 

The test piece was subjected to the first-stage 
treatment at a temperature in the range of 360 to 
490 K for 1800 sec to measure the ductility or 
brittleness. The ductility was evaluated by bending 

75 the test piece in the direction of thickness, inter- 
posing it between two parallel flat plates, gradually 
bringing the plates closer until the bent or folded 
parts of the piece are brought into close contact 
with each other and observing the breaking point of 

20 the test piece. The bending strain at the breaking 
point is expressed as follows: 

Ef = t/(L-t) 

25 where, 

Ef : bending strain 
t : ribbon thickness 
L : distance between the plates 
The result is given in FIG. 1 as the function of 

30 annealing temperature. When the ribbon is not 
broken even at a bending angle of 180 degrees, 
the Ef is "1 " showing the ductility of the ribbon. An 
Ef value less than "1" shows embrittlemeht. As 
given in the figure, the Ef value sharply drops at 

35 416 K and reaches an almost constant value of 
0.03 at 434 K and higher, proving the occurrence 
of harmful embrittlement at 416 K. 

The thermal analysis curve of the ribbon with- 
out heat treatment (marked with Cp.q) and those of 

40 the ribbons with heat treatment at each annealing 
temperature (Ta) of 390 to 450 K for 1800 sec are 
given in FIG. 2. A thermal analysis curve marked 
with Cp.s is that of the ribbon subjected to heating 
up to the glass transition temperature (Tg) and then 

45 cooling down so as to produce a complete struc- 
tural relaxation and, as shown in FIG. 2, the curve 
(Cp.s) has a second highest endothermic peak. As 
seen from the figure, the specific heat of the ribbon 
without heat treatment (Cp.q) is 22.5 J/mol.K at 

50 room temperature but decreases with the rise of 
temperature at 350 owing to structural relaxation, 
reaches the minimum at 434 K, gradually increases 
up to 460 K, sharply increases between 470 and 
500 K accompanying glass transition, reaches the 

55 maximum of 37.0 J/mol.K at 515 K corresponding 
to the supercooled liquid region and steeply de- 
creases at 545 K on account of crystallization. On 
the contrary, the three ribbons subjected to the 
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first-stage heat treatment at each annealing tem- 
perature of 390, 400 and 410 K, respectively, each 
being lower than the Tg exhibit ductility and form 
an amorphous phase leaving an unrelaxed state 
which produces structural relaxation during the 
subsequent reheating. The remaining unrelaxed 
amorphous phase is the contributor to the ductility 
still maintained after the reheating. The two ribbons 
heat-treated at 440 and 450 K, respectively, do not 
exhibit structural relaxation at all during reheating 
but exhibit endotherrnic peaks at 460 to 500 K 
showing the increase in the specific heat due to the 
destruction of the structural relaxation, which took 
place during aging, by reheating. This proves that 
the almost perfect progress of the structural relax- 
ation occurred in the first-stage heat treatment, 
which corresponds to the brittleness seen in the 
FIG. 1 . As is the case of the ribbon heated-treated 
at 450 'C for 1800 sec, since materials in a 
structural relaxation state have a short-range order 
structure, energy is required to eliminate such a 
structural relaxation state and establish a liquid 
state. Therefore, this structural change endother- 
rnic, as can be seen from the thermal analysis 
curve for the ribbon heat-treated at 450 * C. 

The ribbons heat-treated at 450 K were further 
subjected to the second-stage heat treatment at 
465 to 540 K, respectively, for 30 sec and 
quenched in water to evaluate the Ef value. The 
result is given in FIG. 3. As seen from the figure, 
the ribbons heat-treated at 480 to 540 K, that is, in 
the supercooled liquid region, resumed an Ef value 
of "1" proving that the ductility lost in the first- 
stage treatment was resumed in the second-stage 
treatment. 

FIGS. 4, 5 and 6 give microphotographs with a 
scanning electron microscope of tensile rupture 
cross-sections of the ribbon without any heat treat- 
ment, the ribbon with the first-stage treatment (450 
K, 1800 sec) and the ribbon with the second-stage 
treatment (510 K, 30 sec) and quenching in water, 
respectively. FIG. 4 exhibits a pulse-like pattern 
peculiar to the ductile fracture of an untreated 
ribbon. FIG. 5 gives that of the ribbon subjected to 
the first-stage treatment, showing a shell-like pat- 
tern peculiar to brittle fracture. FIG. 6 gives that of 
the ribbon after the second-stage treatment, regain- 
ing ductile fracture. FIG. 7 gives thermal analysis 
curves of the ribbons subjected to the first-stage 
treatment (450 K, 1800 sec) followed by the sec- 
ond-stage treatment for 30 sec each at a tempera- 
ture in the supercooled liquid region. In any of the 
curves, any endotherrnic peak showing the devel- 
opment of structural relaxation was not observed, 
which proves that the unrelaxed amorphous struc- 
ture was resumed by the second-stage treatment. 
In FIG. 7, thermal analysis curves marked with Cp. q 
and Co* a r © those shown in FIG. 2. 



As seen from the aforestated Examples, it has 
been confirmed that the embrittlement accompany- 
ing the structural relaxation caused by the first- 
stage treatment is canceled by the second-stage 

s treatment followed by quenching into water and the 
ductility is resumed. Likewise, the foregoing effect 
is exhibited on the amorphous AI-TM-Ln, Mg-TM- 
Ln and Zr-TM-AI alloys. 

The process according to the present invention 

to serves to resume the ductility which is lost with the 
structural relaxation caused by heat hysteresis dur- 
ing consolidation-forming or other plastic working at 
an elevated temperature of amorphous alloys ob- 
tainable in the form of various powder or thin strips 

15 and can provide amorphous alloys having excellent 
strength, ductility and thermal plastic workability. 

Claims 

20 1. A process for producing an amorphous alloy 
forming material comprising subjecting an 
amorphous alloy material having a supercooled 
liquid region to a first-stage treatment at a 
temperature ranging from the glass transition 

25 temperature (K) minus 100 (K) to a tempera- 

ture less than the glass transition temperature 
for 3000 sec. or less, subsequently subjecting 
it to a second-stage treatment in which said 
material is maintained at a temperature higher 

30 than the glass transition temperature to the 

crystallization temperature for 4 to 100 sec, 
and then quenching it to produce a forming 
material having at least 50% by volume of an 
amorphous phase. 

35 

2. The process according to Claim 1 , wherein the 
amorphous alloy material is a powder with a 
definite form, such as sphere or flake, or a 
powder with an indefinite form and is subjected 

40 to consolidation-forming such as sintering or 

compaction in the first-stage treatment. 

3. The process according to Claim 1, wherein the 
amorphous alloy material is in a thin strip form 

45 or a consolidated form and is subjected to 

plastic working by consolidation-forming such 
as pressure welding or extrusion, forging, 
pressing, or the like method in the first-stage 
treatment to be formed into a prescribed 

so shape. 

4. The process according to Claim 2, wherein the 
amorphous alloy material is subjected to final 
consolidation-forming or final-forming, such as 

55 pressurizing or working, in the second-stage 

treatment. 
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5. The process according to Claim 3, wherein the 
amorphous alloy material is subjected to final 
consolidation-forming or final-forming, such as 
pressurizing or working, in the second-stage 
treatment. 5 

6. The process according to claim 1 , wherein the 
amorphous alloy material is that of AI-TM- 
(transition metal element)-Ln(rare earth metal 
element) alloy, Mg-TM-Ln alloy, Zr-TM-AI alloy w 
or Hf-TM-Ln alloy. 

Patentanspriiche 

1. Verfahren zum Herstellen eines eine amorphe 75 
Legierung bildenden Materials, umfassend das 
Unterziehen eines amorphen Legierung smate- 
rials mit einem Bereich einer unterkUhlten 
Flussigkeit einer Behandlung in einer ersten 
Stufe bei einer Temperatur im Bereich von der 20 
GlasUbergangstemperatur (K) minus 100(K) bis 

zu einer Temperatur, die geringer ist als die 
GlasUbergangstemperatur, Ober einen Zeit- 
raum von 3000 sek. Oder weniger und danach 
das Unterziehen des Materials einer Behand- 25 
lung in einer zweiten Stufe, bei der das Materi- 
al bei einer Temperatur gehalten wird, die hB- 
her ist als die GlasUbergangstemperatur bis 
zur Kristallisationstemperatur Uber einen Zeit- 
raum von 4-100 sek. und danach Abschrecken 30 
des Materials zur Herstellung eines minde- 
stens 50 Vol.% einer amorphen Phase aufwei- 
senden Formmaterials. 

2. Verfahren nach Anspruch 1, bei dem das 35 
amorphe Legierungsmaterial ein Pulver be- 
stimmter Form ist, wie etwa ein spharisches 
Oder flockiges Pulver, oder ein Pulver unbe- 
stimmter Form ist und bei der Behandlung in 

der ersten Stufe einer Verfestigungsformung, ao 
wie etwa einem Sinter- oder einem Verdich- 
tungsvorgang, unterzogen wird. 

3. Verfahren nach Anspruch 1, bei dem das 
amorphe Legierungsmaterial in Form eines 45 
dunnen Streifens oder einer verfestigten Form 
vorliegt und mittels einer Verfestigungsfor- 
mung, wie etwa DruckschweiBen oder Extru- 
sion, Schmieden, Pressen oder einem ahnli- 
chen Verfahren bei der Behandlung in der er- 50 
sten Stufe zur Formung in eine festgelegte 
Form einer plastischen Bearbeitung unterzo- 
gen wird. 

4. Verfahren nach Anspruch 2, bei dem das 55 
amorphe Legierungsmaterial einer abschlie- 
Benden Verfestigungsformung oder AbschluB- 
formung, wie etwa einer Pressung oder einer 



Bearbeitung. bei der Behandlung in der zwei- 
ten Stufe unterzogen wird. 

5. Verfahren nach Anspruch 3, bei dem das 
amorphe Legierungsmaterial einer abschlie- 
Benden Verfestigungsformung oder einer Ab- 
schluBformung, wie etwa einer Pressung oder 
bei einer Bearbeitung, bei der Behandlung in 
der zweiten Stufe unterzogen wird. 

6. Verfahren nach Anspruch 1, bei dem das 
amorphe Legierungsmaterial eine AI-TM- 
(Ubergangsmetallelement)-Ln(Metallelement . 
der seltenen Erden)-Legierung eine Mg-TM-Ln- 
Legierung, eine Zr-TM-AI-Legierung oder eine 
Hf-TM-Ln-Legierung ist. 

Revendications 

1. Procede de preparation d'un materiau de for- 
mage en alliage amorphe, comprenant les Sta- 
pes consistant a soumettre un materiau en 
alliage amorphe, pnisentant une region de li- 
quide surfondu, a un traitement de premiere 
etape, a une temperature allant de la tempera- 
ture de transition vitreuse (K) moins 100 K 
jusqu'a une temperature inferieure a la tempe- 
rature de transition vitreuse, pendant 3000 se- 
condes ou moins, a soumettre ensuite le mate- 
riau a un traitement de seconde etape dans 
lequel ledit materiau est maintenu a une tem- 
perature superieure a la temperature de transi- 
tion vitreuse et allant jusqu'a la temperature de 
cristallisation, pendant un temps compris entre 
4 et 100 secondes, et a tremper ensuite le 
materiau pour produire un materiau de forma- 
ge presentant au moins 50 % en volume de 
phase amorphe. 

2. Procede selon la revendication 1, dans lequel 
le materiau en alliage amorphe est une poudre 
ayant une forme definie, telle que la forme de 
spheres ou de paillettes, ou une poudre ayant 
une forme indeterminee, et est soumis a un 
traitement de consolidation-formage, tel que le 
frittage ou I'agglomeration, dans le traitement 
de premiere etape. 

3. Procede selon la revendication 1, dans lequel 
le materiau en alliage amorphe est sous la 
forme d'une bande mince ou sous une forme 
consolidee, et est soumis a un traitement plas- 
tique par consolidation-formage, tel que soudu- 
re ou extrusion sous pression, forgeage, pres- 
sage ou procede similaire, dans le traitement 
de premiere etape, pour etre fagonne sous une 
forme prescrite. 



6 



11 EP 0 494 688 B1 12 



4. Proc£d6 selon la revendication 2, dans lequel 
le mat£riau en alliage amorphe est soumis k 
un traitement de consolidation-formage final ou 
& un formage final, tel que la compression ou 
I'usinage, dans ie traitement de seconde £tape. 5 

5. Proc€d£ selon la revendication 3, dans lequel 
le matSriau en alliage amorphe est soumis h 
un traitement de consolidation-formage final ou 

h un formage final, tel que la compression ou 10 
I'usinage, dans le traitement de seconde 6tape. 

6. ProcedS selon la revendication 1, dans lequel 
le mat£riau en alliage amorphe est un mat£riau 

en alliage AI-TM (m6tal de transition)-Ln(m6tal is 
des terres rares), en alliage Mg-TM-Ln, en 
alliage Zr-TM-AI ou en aliiage Hf-TM-Ln. 
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